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ABSTRACT 

V, 

A  SEM  procedure  for  quantifying  the  percentage  area  of  transgranular  fracture  was 
developed  for  studying  the  fracture  morphologies  of  stable  and  rapid  crack  growths  in 
ceramics  and  ceramic  matrix  composites.  The  procedure  utilizes  SEM  line  scanning 
profiles  which  are  scanned  and  then  interpreted  as  percentage  area  of  transgranular 
fracture  and  surface  roughness  through  a  special  software.  This  procedure  was  used  to 
quantify  the  percentage  area  of  transgranular  fracture  and  surface  roughness  which  were 
correlated  with  the  visual  observations  and  profiiometer  measurements  respectively,  of 
AI2O3  and  SiCw/AlgOa  fracture  specimens. 


INTRODUCTION 


Dynamic  fracture  of  quasi-brittle  metals  and  polymers  are  characterized  by  crack 
velocity  versus  stress  intensity  factor  (SIF)  relations  which  represent  a  gamma  curve 
with  distinct  crack  arrest  SIF's , JT-4^  ^  Conventional  dynamic  fracture  tests  show 
unequivocally  that  unlike  metals/polymers,  such  dynamic  crack  arrest  SIF  does  not  exist 
in  monolithic  and  some  ceramic  matrix  composites{5-l21.  These  results  were  generated 
by  blunt  machined  notches  with  larger  stored  energy  prior  to  rapid  crack  propagation.  Once 
the  excess  driving  force  had  been  dissipated  during  rapid  crack  propagation  under  static 
loading  and  the  crack  had  ontered  a  region  of  dynamic  SIF.  which  is  lower  than  Kic,  crack 
arrest  was  to  be  expected  but  such  was  not  the  case.  Crack  arrest,  however,  has  been 
observed  in  chevron-notched,  SiCw/Al203  ceramic  composites,  three  point  bend 
specimens,  when  loaded  under  an  extremely  small  displacement  rate  of  0.01  mm/min.  (13]. 
The  run-arrest  events  in  these  tests  were  characterized  by  small  crack  jumps  of  about 
0.8  mm,  which  initiated  at  the  sharp  crack  tip  in  the  chevron  notched  specimens. 


Recently,  this  lack  of  crack  arrest  was  attributed  to  the  small  difference  in  the 
fracture  morphology  associated  with  extremely  slow  and  rapid  crack  extensions.  This 
postulate  was  tested  by  extensive  fractography  analysis  of  the  statically  and  impact 
loaded  AJ2O3  specimens  [14].  Typical  SEM  pictures  of  the  fracture  surfaces  from  the 
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cfack  initiation  and  the  terminal  phases  of  statically  loaded  AlgQ3  specimen  showed  that 
while  intergranular  fracture  was  the  dominant  failure  mode  in  both  specimens,  differing 
amount  of  transgranular  fracture  was  observed  on  the  fracture  surface.  The  percentage 
areas  of  transgranular  fracture  decreased  from  an  average  of  16%  during  the  initiation 
phase  to  an  average  of  10%  at  slower  crack  propagation  in  the  impacted  specimen.  For  a 
statically  loaded  specimen,  the  percentage  areas  of  transgranular  fracture  during  the 
initiation  and  crack  propagation  phases  were  5  and  2%.  respectively.  The  higher 
percentage  areas  of  transgranular  fracture  during  the  initiation  phase  was  attributed  to 
the  higher  crack  velocity  and  the  higher  dynamic  SIF  due  to  the  excessive  driving  force 
generated  by  the  biunt  crack  tip.  This  fractography  analysis  also  showed  tnat  rapid  crack 
propagation  is  always  accompanied  by  transgranular  fracture  regardless  of  the 
magnitudes  of  the  dynamic  SIF  and  the  crack  velocity.  Unfortunately,  no  comparison  could 
be  made  with  the  fracture  morphology  associated  with  stable  crack  growth  since  these 
test  result.'  consisted  of  only  rapid  crack  propagation  events  even  in  the  statically  loaded 
specimen. 

The  above  finding  regarding  transgranular  fracture  is  consistent  with  those 
observed  by  others  [15,16]  and  more  recently  by  Nose  et  al  [17]  who  reported  not  only 
transgranular  failure  of  the  AI2O3  matrix  but  also  SiC  whisker  failure  under  rapid  crack 
propagation,  i.e.  pop-in,  in  the  SiCw/AteO 3-matrix  composite.  In  contrast,  the  fracture 
morphology  for  stable  crack  growth  in  {17}  showed  the  dominance  of  intergranular  failure 
accompanied  by  SiC  whisker  pull-outs.  The  SIF  for  the  former,  i.e.  pop-in  fracture  or  rapid 
crack  propagation,  remained  a  constant  6  MPaVnnT  while  the  SIF  continued  to  increase  to 
about  9  MPaVrrT  with  increased  stable  crack  extension.  In  a  previous  paper  [18],  Nose  et  al 
also  reported  similar  findings  of  a  lower  SIF  of  about  4  MPaV  m  associated  with  pop-in 
fracture  and  a  higher  SIF  varying  from  4  to  5.5  MPaVnT  associated  with  subcritical  crack 
growth  in  AI2O3. 

Since  the  percentage  area  of  transgranular  fracture  is  related  to  the  instantaneous 
dynamic  fracture  toughness  of  ceramics  and  ceramic  composites  as  the  above  results  [14- 
18]  suggest,  this  quantity  must  be  measured.  This  paper  reports  on  a  SEM  procedure  for 
estimating  tha  percentage  area  of  transgranular  fracture  on  the  fracture  surface  of 
ceramics  and  ceramic  composite . 
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METHODOLOGY 


The  procedure  is  based  on  the  assumption  that  the  plane  of  transgranular  fracture 
will  be  in  the  crack  plane  as  shown  in  Figure  la.  Intergranular  fracture,  on  the  other  hand 
is  characterized  with  a  tilt  in  the  crack  surface  as  shown  by  Figure  1(b).  Figure  1(a)  also 
shows  that  this  assumption  cannot  discriminate  the  intergranular  fracture  surface  when 
it  coincides  with  the  dominant  crack  plane. 

The  method  of  approach  is  to  relate  the  topology  of  the  fracture  surface,  i.e.  the 
non-  or  slightly  tilted  fracture  surfaces  whose  lengths  exceed  the  average  grain  size  of 
the  ceramic  matrix  material.  Stereophotogrammetry  and  profiiometry  are  known 
procedures  [19]  which  can  be  used  for  this  purpose.  In  this  paper,  we  present  a  third 
procedure  which  utilizes  the  line  scanning  profile  of  a  scanning  electron  microscope 
(SEM). 

SEM  Scanning  Line  Profile 

The  topography  of  the  fracture  surface  in  Figure  2(a)  is  first  recorded  by  line 
scanning  of  the  intensity  of  the  secondary  electrons  (SE)  emitted  by  normal  incidence  of 
the  electron  beam  in  a  SEM.  The  relative  variation  in  the  SE  intensity  or  the  contrast  is 
recorded  as  the  variation  in  the  line  scanning  profile  (LSP).  This  contrast  increases  with 
the  tilt  of  the  fracture  surface  to  the  normal  incident  electron  beam  where  a  larger 
number  of  SE‘s  are  emitted  with  a  steeper  tilt  as  shown  schematically  in  Figure  2(b).  The 
ratio  of  SE's  from  the  tilted  to  normal  surfaces  follows  the  secant  law  [20]  with 
negligible  change  in  contrast  for  tilt.  The  solid  line  indicates  the  SE  signal  collected  by 
the  SEM  detector.  The  dotted  lines  represent  the  local  intensity  of  collection.  The 
simulated  profile  of  Figure  2(c)  is  established  by  summing  up  the  intensity  of  the  signals. 
At  the  intersections  of  segments,  the  profile  is  distorted  by  spikes  which  can  be  filtered 
later  during  the  spectral  analysis. 

Transgranular  fracture  area  can  be  defined  from  the  LSP  record  as  a  constant  slope 
segment  with  a  length  longer  than  the  average  grain  size  where  the  contract  increases 
with  an  increasing  tilt  angle.  For  a  ceramic  matrix  composite  with  whiskers,  the 
resultant  spikes  among  the  constant  contrast  in  the  LSP  is  also  distorted  by  the  whiskers 
but  can  be  filtered  out  in  ihe  subsequent  analysis. 
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A  multitude  of  line  scanning  profiles  (LSP)  are  therefore  taken  by  using  a  JEOL  SEM 
T-330  instrument.  The  LSP’s  are  then  scanned  by  a  AST-TURBOSCAN/MAC-SCAN  and 
digitized  for  subsequent  data  analysis. 

Spectral  Analysis 

Spectral  analysis  of  the  LSP  is  necessary  to  eliminate  the  spikes  caused  by  the 
grain  boundaries  and  the  distortion  caused  by  whisker/fiber  breakages  and  pullouts.  Fast 
Fourier  transform  (FFT)  was  used  to  compute  the  coefficients  of  a  discrete  Fourier  series 
and  the  frequency  distribution  of  the  random  process.  This  spectral  analysis  also 
provides  the  root  mean  square  of  the  surface  roughness  which  can  be  deduced  from  the 
LSP. 

Procedure 

Figure  3  shows  the  flow  chart  for  determining  the  percentage  area  of  transgranular 
failure  and  the  roughness.  The  first  step  is  to  obtain  a  series  of  LSP's  under  the  same 
contrast  setting  at  the  prescribed  region.  As  mentioned  previously,  the  LSP  are  scanned 
by  an  AST-TURBOSCAN  and  digitized  by  the  MAC*SCAN  program  which  locates  the  Y- 
coordinate  in  contrast  setting  along  the  X-coordinate  of  the  scanning  distance.  The 
program,  LSP-SLOP  then  transforms  the  X-Y  coordinate  data  file  and  calculates  the 
percentage  area  of  transgranular  failure.  An  input  parameter  to  the  LSP-SLOP  program  is 
the  length  in  the  X-coordinate  which  must  be  excluded  in  order  to  eliminate  material 
inhomogeneities,  such  as  fiber  breakage,  and  unusual  contrast.  Another  input  length 
parameter  is  the  average  grain  size  of  the  ceramic  matrix  which  is  needed  to  detect 
segments  of  transgranular  fracture.  LSP-SLOP  thus  scans  the  lengths  of  ail  horizontal 
and  tilted  line  segments,  which  exceeds  this  average  grain  size,  and  computes  the 
percentage  area  of  transgranular  fracture.  Details  of  the  procedure  and  the  softwares 
involved  are  provided  in  (21 J. 

QUANTITATIVE  FRACTOGRAPHY  OF  AI2O3  And  SC^Ai^  COMPOSITE 

The  specimen  used  to  demonstrate  the  utility  of  this  procedure  is  a  wedge-loaded 
double  cantilever  beam  (WL-OCB)  specimen  with  a  long  chevron  notch  as  shown 
schematically  in  Figure  4(a).  The  inherent  rigidity  of  the  WL-DCB  specimen  plus  the  long 
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chevron  notch  makes  it  ideal  for  studying  stable  crack  growth  followed  by  crack  jump 
with  run-arrest  under  a  slow  displacement  controlled  loading.  The  latter  is  identified  by 
a  distinct  shade  in  the  texture  of  die  fracture  surface  as  shown  by  the  SEM  photo  in  Figure 
4(b). 

LSF  Versus  SEM  Photos 

Figure  5  shows  a  SEM  photograph  of  a  AI2O3  with  a  superimposed  LSP  aiong  the 
center  line.  A  visual  comparison  of  the  SEM  record  and  the  LSP  shows  that  the  variation 
in  intensity  of  the  LSP  ctoseiy  follows  the  variation  of  the  surface  topoiogy  as  deciphered 
from  the  photograph.  Figure  6  shows  a  similar  record  for  the  SiC*/Al203  composite.  The 
whiskers  and  grain  boundaries  in  Figure  6  appear  brighter  than  the  matrix  grain  surfaces 
due  to  the  higher  conductivity  of  SiC  and  the  static  charges  aiong  the  grain  boundaries. 
The  LSP  in  Figure  5  contains  less  spikes  than  those  of  Figure  6  due  to  the  tack  of  whiskers 
in  the  former.  If  the  peaks  in  the  LSP's  are  removed,  then  the  LSP  in  Figure  5  will  be  even 
closer  to  the  real  surface  profile.  These  peaks  are  removed  by  the  spectral  analysis  as 
mentioned  previously.  In  all  the  SEM  records  studied,  large  transgranutar  fracture  area 
exhibited  a  constant  slope,  which  is  nearly  equal  to  zero  in  Figures  5  and  6.  and  the 
surrounding  grain  boundaries  had  little  effect  on  the  intensity  of  SE. 

Processing  LSP 

Since  the  brightness  control  on  the  SEM  has  no  effect  on  the  contrast,  it  has  no 
influence  on  the  LSP.  Figure  7  illustrates  this  point  where  each  LSP  was  taken  under 
1000X  magnification  with  identical  setting  of  the  contrast  level.  The  material  and  type 
of  fracture,  i.e.  stable  versus  rapid  crack  growth  are  denoted  in  the  captions.  By  changing 
the  brightness  level,  the  LSP  will  move  up  or  down  on  the  SEM  screen  without  altering  the 
contrast  level  and  thus  many  LSP’s  can  be  shown  in  one  record  as  shown  in  Figure  7.  On 
the  other  hand,  Figure  8  shows  the  scanned  and  digitized  individual  LSP’s  which  are 
processed  by  the  LSP-SLOP  and  the  FFT  programs.  A  comparison  of  Figures  7  and  8  show 
that  the  LSP's  of  a  25%  SiCw/Aia03  composite  have  more  spikes  but  also  exhibits  a 
smoother  profile.  Apparently,  the  LSP  profile  of  AI2O3  is  much  rougher  than  that  of  a  25% 
SiC*/Al203  composite. 


Percentage  Areas  of  Transgranular  Fracture 

Percentage  area  of  transgranufar  fracture  is  calculated  by  the  program  ISP-SIOP. 
Each  processed  LSP  record  provides  a  percentage  area  of  transgranufar  fracture  and  the 
root  mean  square  of  the  roughness.  Slight  differences  in  the  geometry  and  the  loading 
history  are  the  probable  cause  for  the  differences,  as  shown  in  Table  1,  between  the  two 
specimens.  The  SEM  photographs  of  the  two  25%  SICw/A^Oa  composite  specimens  shows 
that  the  fractured  surface  of  the  first  specimen  is  more  distinct  and  has  smoother  rapid 
crack  growth  zones  than  those  of  the  second  one.  The  slightiy  higher  percentage  area  of 
transgranular  fracture  in  the  first  specimen  is  due  to  this  slight  difference  in  fracture 
morphology.  The  percentage  areas  of  transgranular  fracture  were  obtained  visually  by 
examining  ten  SEM  records  at  S000X  magnification  or  two  SEM  records  at  1000X 
magnification  and  identifying  the  transgranular  fracture  area.  This  process  is  easier  for 
alumina  than  for  SiCw/AbOs  composite.  The  percentage  areas  of  transgranular  fracture 
in  AI2O3  in  Table  1  is  very  close  to  that  obtained  previously  [14], 

Roughness 

Spectrum  analysis  was  carried  out  by  the  FFT  program.  The  LSP  spectral  density 
plots  of  stable  and  rapid  crack  growth  regions  in  the  AfcOa  and  SiC*/Al2C>3  composite  are 
shown  in  Figures  9  and  10.  The  spectral  frequencies  varied,  but  concentrated  in  the  lower 
which  range  varied  from  approximately  0.5  (l/pm)  to  a  very  iow  frequency.  This  frequency 
corresponds  to  one  grain  size  of  2pm  to  10pm  or  higher. 

Distortion  of  the  LSP  due  to  the  edge  effect  and  Tiber  perturbations  lies  in  the 
frequency  range  of  1.0  (l/pm)  and  are  higher  since  the  whisker  diameter  is  about  0.5pm. 
The  length  of  the  distorted  intervals  range  from  0.5pm  to  1pm  if  the  orientation  of  the 
fibers  is  considered.  The  filtered  frequency  ranges  from  1.0  (l/pm)  and  above,  fn 
contrast,  Ala03  has  a  lower  intensity  of  distortion  when  the  edge  distortion  is  around 
0.4pm  or  tower  and  its  effect  on  the  whole  spectral  density  area  can  thus  be  neglected. 

As  described  previously,  the  area  under  the  LSP  spectral  density  distribution  is 
proportional  to  the  root-mean-square  of  the  profile.  To  minimize  signal  distortion,  a 
band-pass  filter  was  inserted  to  purge  the  aliasing  frequencies  prior  to  calculating  this 
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area.  Ones  the  areas  are  obtained,  a  correction  factor  is  muftipfied  to  find  the  root- 
mean-square  roughness.  This  'correction*  factor  can  be  obtained  by  comparing  the  LSP’s 
of  a  polished  surface  with  the  measured  roughness  data  obtained  by  a  Federal  400 
profiiometer.  For  AI2O3  materia!,  the  roughness  ranges  from  0.30-0. 32pm  in  the  steals 
crack  region  and  0.23  -  0.25pm  in  the  rapid  crack  growtn  region.  For  the  SiCw/AlgQa 
composite,  it  is  from  0.24  -  0.25pm  in  die  stable  crack  region  and  0.20  -  0.21  pm  in  the 
rapid  crack  growth  region. 

This  procedure  based  on  spectral  density  provides  a  technique  of  noncontact 
profiiometry.  it  has  two  main  advantages.  First  specimens  will  not  be  scratched  by  the 
diamond  probe  used  in  conventional  roughness  measurement  Second,  this  procedure  is  not 
limited  by  the  height  of  crack  deflection  of  probe  which  has  its  range  of  stroke  and  height 
deviations. 

CONCLUSIONS 

1.  A  SEM  procedure  for  quantifying  the  percentage  area  of  transgranular  fracture  and 
roughness  was  established. 

2.  The  percentage  area  of  transgranular  fracture  in  AJ2O3  and  SCW/AI2O3  composite  in 
the  rapid  crack  growth  region  were  iareger  than  those  in  the  stable  crack  growth 
region. 

3.  The  fractured  surfaces  of  SiC*/Al20  3  composite  are  smoother  than  the 
corresponding  surfaces  in  AI2O3. 

4.  LSP  spectral  analysis  showed  that  crack  deflection  was  more  prevalent  in  the  stable 
crack  growth  region. 
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Tabta  1.  Percentage  Areas  of  Transgranufar  Fracture 


Procedure  Cracfc  Growth 

Stable  Rapid 


This  Procedure 
Ai203 

Specimen  1  (Region  1}  10%  17% 

Specimen  2  (Region  2}  12%  15% 

Visua!  Processing 

Specimen  #1  13%  19% 

This  Procedure 
25%  SiCw/Ai203 

Specimen  #2  42%  73% 

Specimen  #5  43%  58% 

Visual  Processing 
25%  SiC*/Ai203 

Specimen  #2  37%  73% 


Figure  1.  Crack  Propagation  in  Matrix  Grain 


(a)  Idealized  2-D  Fracture  Surface 


(b)  Secondary  Electron  Emission 


(c)  Simulated  Fracture  Surface 


Figure  2.  Fracture  Surface  Simulation  by  Secondary  Electron  Emission  Profile 
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AST-TURBOSCAN 


MAC-SCAN  program 


Pixel  Picture  File 


Figure  3.  Flow  Chart  of  Procedure 
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6.4  mm 


38.1  mm 


Region  of  SEM 


(a)  Chevron  Notched  Wedge- Loaded  Double  Cantilever  Beam  Specimen 


Co)  SEM  of  the  Above 

Figure  4.  Fracture  Surfaces  Associated  With  Slow  and  Fast  Crack  Propagation. 


(a)  Stable  Crack  Growth 


(b)  Rapid  Crack  Growth 
Figure  5.  SEM  and  LSF  Traces  of  Alumina 


(a)  Stable  Crack  Growth 


.%  ■ 


(b)  Rapid  Crack  Growth 


Figure  6.  SEM  and  LSP  Traces  of  SiC  v/A^Oj  Composite 


(a)  Stable  Crack  Growth 


< 

(b)  Rapid  Crack  Growth 


Figure  7.  Line  Scanning  Profiles  of  Stable  and  Rapid 
Crack  Growth  in  Alumina 


Figure  8.  Line  Scanning  Profiles  of  Stable  and  Rapid 
Crack  Growth  in  SiC^AfeOa  Composite 


Spectral  Density  Spectral  Density 


Spectral  Density 
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(a)  Stable  Crack  Growth 


0.02 


(b)  Rapid  Crack  Growth 
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Figure  10.  LSP  Spectral  Density  of  Stable  and  Rapid  Crack 
Growth  in  SiC*/Al2  O3  Composite 
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